FIA (Fuel Ignitability Analyzer) from Fueltech, Norway has already achieved plenty of ignitability evaluation of many kinds of marine diesel fuels over the world. In this study, a total fuel evaluation method on FIA measurement was newly proposed through constructing electronically controlled injection systems. These systems realized near square-shaped injection rate and good repeatability. In the course of the measurement progress, the experimental conditions required to evaluate fuel combustibility became clearer than before. Indexes introduced to evaluate fuel combustibility on the heat release process in FIA successfully determined the troublemaking fuels. Supplementary indexes on simple composition analysis also succeeded in defining the boundary of troublemaking fuels. With all the examinations, combustibility analysis of bunker fuel oil on HA system brought into reality for the first time.
Fig . 1 shows a schematic view of the FIA-100/4. In its original configuration, it is a pneumatically actuated piston mechanically linked to an injection pump plunger that controls fuel injection. Although it is a simple and steady system, lack of monitoring for needle motion could cause an unignorable error in ignition delay measurement and lack of positive fuel recirculating could result in uncontrolled fuel viscosity. The combustion chamber is pure cylindrical shape with 05 mm in diameter and 190 nun in height. This means the chamber volume is approx. 630 cm3. In this study, two ECI systems were separately developed and attached to the FIA vessel. Both have the same hydraulic intensifier and the same injection pump . The injection nozzle and the injector body prepared for this study enables fuel to circulate through the tip of the needle, which keeps the fuel to be injected at the expected temperature. The one applied to a test confirming the combustibility of given troublemaking samples used a one-off solenoid-controlled spool valve to drive the hydraulic intensifier. The other used in a pure inspection test utilising a linear spool valve that is commercially available and is thought to be better in sharing the test results with other researchers in common. Fig.2 is a schematic of the latter system. To minimize the The injection pressure and needle lift curves in this system using marine diesel oil (MDO) is exemplified in. Fig3. Considering twelve injection events are overwritten in this figure, the injection repeatability is a kind of ideal. With some fluctuation in the beginning, the injection rate shows a near square shape, which is important not only for determining ignition delay but also evaluating the ratio of the burned fuel mass to the injected one and evaluating the duration of afterbuming. Table 1 shows a summary of properties of the tested fuels.
Test Fuels
Since the sample fuel collection and the FIA experiment took long time, the fuels are divided into two groups. The first group were confirmed their qualities in advance through the actual engine operation and then examined their combustibility by the FIA with the older ECI system. The second group were for a pure inspection test before use and they had investigation by the FIA with the newer ECI system. Although some blank cells exist, all the basic properties including Nitrogen wt% were listed for every sample. As reference, properties of clarified slurry oil (CLO), Long Residue from atmospheric distillation (LR), MDO and gas oil are also listed in the Table 1 .
Determination of Experimental Condition
Experimental parameters and the backgrounds behind them are detailed in the sections below. 
Fuel and Injection Condition
Fuel temperature was properly controlled one by one to fix the fuel viscosity at 20 mm2/s over the samples by utilizing the aforementioned recirculation line. This treatment is essential for spray combustion since the viscosity of today's BFOs has wide dispersion as shown in Table 1 . Injection pressure was raised up to 55.0 MPa through the pressure intensifier. Its amplification factor was 3.4 by a set of plungers. The bottom one is 24 mm in diameter and one on the top is 4) 13 mm. 85 mm3 of sample oil was injected from of single-hole nozzle of 4 0.16 mm during 20 ms of injection.
(In the older version of ECI system, injection period was 25 ms and injected amount 105 mm3 respectively) The time base of data storage system was always determined by the effective needle lift inside the injection nozzle, which was measured by a gap sensor.
Air Condition and Temperature Control
As in the latest version of FIA, that is, CRU (Combustion Research Unit), in-cylinder air temperature was measured at three different heights parallel to the chamber vertical axis. A sheathed thermocouple of FIA-100/4 was removed from the chamber centre, which eliminated the possibility of hot surface ignition of the fuel spray after its impingement on it. The chamber air pressure was set to 4.5 MPa and air temperature was increased to 823 K from standard 723 K in the original FIA experimental condition. Residual components of BFO today are derived from short residue of the vacuumed distillation process and 823 K could be regarded as the atmospheric equivalent of the distillation temperature of that process. Of course the residual components will not evaporate completely at this temperature level under pressurized condition, but it would be still better to get some contribution to the ignition process from the lighter residual components especially when the cutter stocks are highly difficult to ignite. Considering such a strong effect on the whole combustion Fig. 4 Predicted spray propagation at different air temperature process, a thermal equilibrium state in the chamber was put ahead of experimental time or efforts in this research.
Prediction of Spray Penetration
With the smaller nozzle hole, the spray penetration in the modified FIA is expected to be more moderate than in the original . Even so, to discuss not only the fuel ignitibility but also the combustibility as spray jet in this study, spray impingement onto the chamber bottom wall should be kept as few as possible during ignition delay. Evaporation and combustion as a liquid film on the hot bottom wall of FIA is far from the actual burning situation in marine diesels. In order to estimate the spray penetration under the experiment condition in advance, KIVA 3V [4] was applied to the modified FIA configuration and to the conditions explained above. Hypothetical fuel was adapted to express heavy fuel oil like BFO. It has equivalent thermal properties of LR and has a molecular weight of 1000. In Fig. 4 , spray propagation process is visualized on the predicted liquid phase zone at different air temperature of 823 K and of 723 K. To observe spray propagation all the way, chemical reactions leading to auto ignition were turned off in the calculation. In CVCC experiments higher chamber temperature results in lower air density, which offsets the activated evaporation by higher air temperature. So, in spite of the leaner spray core under the hotter ambient condition, the spray penetration doesn't change so much with the surrounding air temperature. The point is that BFOs having ignition delay longer than 13 ms at 823 K are considered to be out of the scope of this study. •¬ (2) 3.1.5 Analysis Results These indexes were calculated and plotted versus IgD in Fig.12 and Fig.13 .
"Pl" ,"P2"and "S2" ssamples are sharply distinguished by IDI as shown in Fig.10 . Obviously it is very important to select the minimum injection The other two were as follows. respectively. K is a quadratic function of CCAI value. RA is an average ring number of aromatic compounds in the fuel.
RT is a total ring number by aromatics and naphtenics. It should be noted that sulphur wt% is a dominant factor on R value through the second term on the right-hand side of Eq.
(6). The increase of S leads the decrease of RT. 
Again, a coefficient of 12.0 is introduced to offset the average 
